[1] We use a three-dimensional strike-slip fault model in the framework of rate and state-dependent friction to investigate earthquake behavior and scaling relations on oceanic transform faults (OTFs). Gabbro friction data under hydrothermal conditions are mapped onto OTFs using temperatures from (1) a half-space cooling model, and (2) a thermal model that incorporates a visco-plastic rheology, non-Newtonian viscous flow and the effects of shear heating and hydrothermal circulation. Without introducing small-scale frictional heterogeneities on the fault, our model predicts that an OTF segment can transition between seismic and aseismic slip over many earthquake cycles, consistent with the multimode hypothesis for OTF ruptures. The average seismic coupling coefficient c is strongly dependent on the ratio of seismogenic zone width W to earthquake nucleation size h*; c increases by four orders of magnitude as W/h* increases from $1 to 2. Specifically, the average c = 0.15 AE 0.05 derived from global OTF earthquake catalogs can be reached at W/h* ≈ 1.2-1.7. Further, in all simulations the area of the largest earthquake rupture is less than the total seismogenic area and we predict a deficiency of large earthquakes on long transforms, which is also consistent with observations. To match these observations over this narrow range of W/h* requires an increase in the characteristic slip distance d c as the seismogenic zone becomes wider and normal stress is higher on long transforms. Earthquake magnitude and distribution on the Gofar and Romanche transforms are better predicted by simulations using the visco-plastic model than the half-space cooling model. 
Introduction
[2] Oceanic transform faults (OTFs), which separate individual spreading segments along the global mid-ocean ridge system, are primarily characterized by strike-slip motion. In contrast to continental strike-slip faults, a large percentage of slip on OTFs, on average $85%, occurs in the form of aseismic creep [Boettcher and Jordan, 2004] . The largest OTF earthquakes are small (moment magnitude 6 to 7) even though some faults are over 1000 km long, indicating that such earthquakes ruptured only a small portion of the total fault area. The focal depths of OTF earthquakes appear to be bounded by an isotherm near 600 C, based on ocean bottom seismometer (OBS) deployments [Wilcock et al., 1990] , teleseismic waveform modeling and earthquake slip inversions [Abercrombie and Ekström, 2001; Braunmiller and Nábělek, 2008] . To date, studies to understand OTF earthquake rupture processes and seismic cycles have focused on statistical analysis of earthquake catalogs [Bird et al., 2002; Bohnenstiehl et al., 2002; Boettcher and Jordan, 2004; McGuire et al., 2005; Boettcher and McGuire, 2009; Kagan et al., 2010] and source inversion of large events [Abercrombie and Ekström, 2001; Braunmiller and Nábělek, 2008; McGuire, 2008; Sykes and Ekström, 2012] . These efforts have been limited because global catalogs span multiple earthquake cycles on only the fastest slipping faults, and global seismic networks are far removed from almost all OTFs. More recently, experiments utilizing high-quality OBS data to resolve the rupture process during OTF earthquakes have begun to provide an improved level of detail that can be compared with modeling studies [McGuire et al., 2012] .
[3] Despite the limited data available, several robust scaling relations have been established for OTF earthquake source processes. Specifically, Boettcher and Jordan [2004] used earthquake catalog data from a global compilation of 65 OTFs with a combined length of 16,410 km to define two characteristic scaling relations. (1) The effective seismic area A E , the total area on the fault that ruptures seismically averaged over many earthquake cycles, scales linearly with the total thermal area A T above the 600 C isotherm as determined by a half-space cooling model. As shown in Figure 1a , the maximum likelihood value of the coupling coefficient c ≡ A E /A T is roughly a constant of 0.15 AE 0.05, independent of full ridge spreading rate V pl or transform length L. (2) The rupture area of the largest earthquake recorded on an OTF, A c (also called upper cutoff area), does not scale directly with the thermal area A T . Rather, Boettcher and Jordan [2004] found A c ∝ A T 0.5 over two orders of magnitude ( Figure 1b ). Recently compiled OTF earthquakes from 2002-2009 GCMT catalog correspond very well with the frequency-moment distribution predicted using these two scaling relations [Boettcher and McGuire, 2009] . By contrast, the assumption that the largest earthquake would rupture the entire transform fault, i.e., A c = A T , cannot explain the observed frequencymagnitude distribution, using either a partial (0.15) or full (1.0) coupling coefficient.
[4] Two hypotheses that have been proposed to explain the above scaling relations involve "single-mode" or "multimode" slip on an OTF. In the single-mode model, seismic rupture persistently occurs on a fully coupled A c -sized patch (A c ≪ A T ) over many earthquake cycles, while the rest of the fault always slips aseismically. The difference between A T and A c would then have to be explained by spatial variations in frictional stability properties. For example, the presence of hydrated ultramafic minerals of the serpentine group on OTFs [Tucholke and Lin, 1994; Cannat et al., 1995] may promote aseismic slip at slow plate tectonics speeds [Reinen et al., 1994] . Moreover, a single fault may have more than one persistently fully coupled patch, as has been observed on the Blanco Ridge, west Gofar and Eltanin transform fault segments [McGuire, 2008; Sykes and Ekström, 2012] . In the multimode model, slip can occur seismically or aseismically over the entire thermal area A T . A possible scenario involves frictional properties that evolve temporally between unstable and stable sliding on fault patches, as inferred from laboratory experiments on serpentinite gouge [Reinen, 2000a [Reinen, , 2000b .
[5] In this paper, we study oceanic transform fault earthquake behavior and the associated scaling relations from a new perspective: applying a lab-derived rate and statedependent friction law to model earthquake cycles and construct earthquake catalogs on OTFs. The frictional parameter aÀb is adapted from the experimental measurements on gabbro gouge under hydrothermal conditions, and mapped to distributions on the OTFs using temperatures calculated from (1) a half-space cooling model, and (2) a thermal model that takes in account additional physical processes such as visco-plastic behavior in the lithosphere, non-Newtonian temperature-dependent viscous flow in the underlying mantle, and the effects of shear heating and hydrothermal circulation [Roland et al., 2010] .
[6] Without involving small-scale heterogeneities such as along-strike variations in frictional stability, we show that the low seismic coupling and deficiency of large earthquakes observed on global OTFs can be explained if the seismogenic zone width (W) is on the order of ($1.2 to 1.7 times) the earthquake nucleation size (h*). This is consistent with previous studies that show the ratio of the two characteristic lengths is a key parameter that controls the transition from aseismic to seismic slip in the context of episodic slow slip events [Liu and Rice, 2007; Rubin, 2008] and scaling of small repeating earthquakes [Chen and Lapusta, 2009] . Of course a model with spatially variable friction properties could be tuned to replicate both of the scaling relations. More complicated physical mechanisms such as dilatancy could also be incorporated to prevent full-fault ruptures. However, the goal of this study is to investigate if the simplest, uniform quakes, 1976-2002 . Circles show data for earthquake on individual OTFs; circle size is proportional to the cumulative moment on each OTF and shade is based on slip rate V pl (darker color for higher V pl ). The numbered diamonds show the maximum likelihood estimates of A E for A T in four bins: [350:2000] 
Modeling Procedures

Geometry
[7] The framework of a 3-D strike-slip model with rate and state-dependent friction was first introduced by Rice [1993] and later analyzed with simplified mirror symmetry boundary conditions at the Earth's surface by Rice and Ben-Zion [1996] . Here, we modified the 3-D model used by Liu and Rice [2005] for calculating seismic and aseismic slip sequences on subduction megathrusts, to a strike-slip fault model, including the free surface effect, to simulate slip on an oceanic transform fault over many earthquake cycles. We use a vertical planar frictional interface, defined by the x-z plane in the Cartesian coordinate system (x is along-strike direction; z is vertical), to simulate the transform fault in a ridgetransform-ridge system (Figure 2 ). The planar fault offsets two ridge spreading segments by a distance L, and is loaded by the half spreading rate V pl /2 on each side of the fault (total relative displacement rate of V pl ). The adjacent fracture zones are modeled as extensions of the OTF with the same loading rate V pl and a time-constant slip rate V = V pl such that effectively slip on the fracture zones do not contribute to the stress evolution on the OTF. Ideally, the fracture zones in the model would extend infinitely along the OTF strike, however, this would be extremely computationally expensive. Therefore, to choose an appropriate fracture zone length L fz , we compared model results using (1) L fz = L/2, and (2) L fz = 3L/2 for several sets of simulations. The entire along-strike domain length, 2L and 4L, respectively, is repeated periodically such [He et al., 2007] using thermal profile in Figure 2a . Upper white line shows the velocity-strengthening (VS) to velocity-weakening (VW) transition, and the lower white line shows VW to VS transition. A T is defined as the VW area (seismogenic) zone between the two white lines. (c) Typical distributions of effective normal stress (blue) and characteristic slip distance (black) with depth. (d) Friction parameter aÀb on the fault mapped using west Gofar thermal structure calculated using the visco-plastic model with Nusselt number N u = 6 [Roland et al., 2010] . Solid white lines delineate the transition from VS to VW (upper line) and VW to VS (lower line). Seismogenic zone is the area between these two lines.
that Fast Fourier Transform can be applied to reduce the computation time by a factor of (log 2 N l )/N l , where N l is the number of grids along the strike and is chosen to be a power of 2. The modeled slip history, including maximum slip velocity, cumulative slip at several depths and spatial earthquake rupture patterns, is almost identical with the two choices of L fz . An even longer fracture zone is expected to produce very similar results. Thus, in the simulations presented below, a fracture zone of length L fz = L/2 is applied on each side of the OTF. The present model neglects the coupling effect from any neighboring OTFs.
[8] Fault slip d(x, z, t) is calculated for the portion of the fault ÀL/2 < x < L/2 and 0 < z < W d (W d = 12.5 km in Figure 2 , and may be different in other configurations, e.g., deeper for colder, slower slipping faults). A uniform motion at the long-term spreading rate V pl is imposed at W d < z < +∞, below the depths of seismicity and postseismic transients. In the present model, we only consider slip in the strike direction, i.e., no dip component.
Elastic Relation Between Stress and Slip
[9] We model the contribution of slip on the fault to the shear stress distribution according to the following "quasidynamic" relation [Rice, 1993] :
The highly singular stiffness kernel k(x À x′, z, z′) is calculated here, in discretized form, as the set of shear stresses on a grid centered at (x, z) from the quasi-static solution for a uniform slip over a dislocation on a grid centered at (x′, z′) in an elastic half-space [Okada, 1992] . A radiation damping factor h is included to prevent the slip velocity from becoming unbounded during instabilities [Rice, 1993] . The choice of h = m/(2c s ) (m is shear modulus and c s is shear wave speed) allows equation (1) to exactly incorporate the elastodynamic result for how instantaneous changes in t and d are related to each other. Equation (1) is thus dynamically correct in its instantaneous response, and in producing a long-term static response between stress and slip. It does not incorporate the wave-mediated transitions between those states. In 2-D and 3-D strike slip models [Lapusta et al., 2000; Lapusta and Rice, 2003; Lapusta and Liu, 2009] , this "quasidynamic" approximation produces similar earthquake sequences as predicted from fully elastodynamic modeling, but with moderately less coseismic slip, slower slip velocity and rupture speeds in earthquake events. However, over many earthquake cycles, the ratios of cumulative seismic moment and total moment appear to be comparable with the two approaches [Lapusta and Rice, 2003] . In this study, we use the "quasi-dynamic" approximation so that extensive simulation cases can be conducted within the broad parameter space that includes different OTF configurations, thermal profiles and frictional properties.
Friction Law
[10] We use a single-state-variable form of the laboratoryderived rate and state-dependent friction law, in which the friction coefficient f is a function of the sliding velocity V and the state variable q. Under steady state conditions, q can be interpreted as the average contact time of asperities on the sliding interface [Dieterich, 1979; Ruina, 1983] . In particular, the frictional resistance can be expressed as
where the effective normal stress s = s À p is defined as the difference between the normal stress s and the pore pressure p on the fault. The rate and state friction parameters a and aÀb can be interpreted, respectively, as the instantaneous change in f and the change in the steady state friction f ss in response to a step change in velocity: a = V(∂f/∂V) inst , a À b = V(df ss /dV). d c is the characteristic slip distance over which state q evolves after a velocity step. V 0 is a reference velocity, taken to be 10 À6 m/s in the calculations, and f 0 is a nominal friction coefficient when V = V 0 at steady state. Near V = 0, we use a regularized form of the friction law
as justified by a thermally activated description of slip at asperity contacts [Rice and Ben-Zion, 1996; Lapusta et al., 2000; Rice et al., 2001] . In this study, we use the "ageing" version of state evolution law, which allows friction to evolve on stationary contacts as observed in the lab [Beeler et al., 1994] ,
Compared to the other commonly used version of state evolution "slip" law, the "ageing" law requires less numerical resolution, allowing us to extensively explore the large parameter space in this study. The steady state friction f ss = f 0 + (a À b)ln(V/V 0 ), when q = q ss = d c /V, is the same for both the "ageing" and "slip" laws.
[11] The rate and state friction exhibits steady state velocitystrengthening (stable sliding) if a À b > 0, and steady state velocity-weakening (potentially unstable sliding) if a À b < 0. Instabilities (e.g., earthquakes) can only develop when the velocity-weakening region of the fault is greater than a critical nucleation size; theoretical estimates of the earthquake nucleation size h* for 2-D problems are derived by Rice and Ruina [1983] and Rubin and Ampuero [2005] . For the geometry L ≫ W d of modeled OTFs, we define the nucleation size as
where h RA * is the 2-D estimate of h* by Rubin and Ampuero [2005] from energy balance of a quasi-statically expanding crack when a/b > 0.5. Effective shear modulus m * = m for mode III and m * = m/(1 À n) for mode II cracks.
Frictional Parameters
[12] Friction experiment data for gabbro gouge under hydrothermal conditions were recently reported by He et al. [2007] . Although the gabbro data are limited, compared to the comprehensive studies conducted on granite, and are highly scattered at some temperature ranges, we make tentative use of them in our OTF earthquake models as the first friction data set available for the oceanic lithosphere. The major distinctive features of the temperature-dependent aÀb gabbro data are: (1) the velocity-weakening to strengthening transition occurs around 500 C under supercritical water conditions, compared to at $350 C for wet granite [Blanpied et al., 1998 ], and (2) aÀb remains less than 0.01 at higher temperatures up to $600 C, about one order of magnitude smaller than that of wet granite at comparable conditions. We approximate the temperature-dependent aÀb data, as shown by He et al. [2007, Figure 3] and Liu and Rice [2009, Figure 2] , by linear segments that cover different stability regimes, specifically with ends at (T, a À b) = (0, 0.0035), (100, À0.0035), (416, À0.0035), (520, 0.001), where temperature T is in C. Linear extension is assumed for temperatures higher than 520 C. The parameter aÀb are then mapped onto the fault using a thermal model as described in section 2.5.
[13] The normal stress is assumed to follow a typical overburden stress gradient s = (28 MPa/km) Â z, and the pore pressure is given by either the hydrostatic gradient p = (10 MPa/km) Â z or by p = max(hydrostatic, s À s const ), where s const is a constant value of s at depth. The latter incorporates the elevated pore pressure concepts of Rice [1992] . Such an assumption could be appropriate for an oceanic transform fault with seawater permeating to greater depths. As a result, the effective normal stress s increases with depth at a gradient of 18 MPa/km until it reaches s const , which we choose to be 50 MPa in all cases. As will be shown in section 3, the choice of 50 MPa, together with other parameters (e.g., d c ), can predict earthquakes of magnitudes and recurrence intervals reasonably close to those observed on short, fast-slipping OTFs such as Gofar [McGuire, 2008] . Mechanical models for oceanic transform faults also predict that shear stress on OTFs, hence normal stress given a constant friction coefficient, is low, in order to explain the observed patterns of faulting and seismicity near a ridgetransform intersection [Behn et al., 2002] .
[14] As in other numerical simulations of this type [e.g., Liu and Rice, 2005; Lapusta and Liu, 2009] , in order to properly resolve the fault and the bordering fracture zones as long as 1000 km and to make simulations computationally tractable it is necessary to take d c in the range of mm, which is much larger than typical experimental values ($5 to 100 mm) measured at slow loading velocities. An example of the d c distribution along the fault is shown in Figure 2c , where d c = 4.2 mm within the seismogenic zone is followed by a linear increase up to $17 mm at the down-dip end of the fault. Larger values of d c are used for longer OTFs; d c is in the range of $10 to 20 mm in the seismogenic zone and up to 50 to 100 mm at the down-dip end of the fault for the L = 500 km cases. The possible reasons and implications of larger d c on longer faults will be discussed in section 4. As will be shown in section 3, our modeled earthquake scaling relations are dependent on the length ratio W/h*, where W is the seismogenic zone width. Thus, by equation (5), if a smaller d c was used and W, friction parameters a and b are kept unchanged in the simulations, a proportionally smaller effective normal stress s would result in the same scaling relations. However, the modeled earthquake magnitudes, recurrence intervals and stress drops would also become smaller. Using the typical parameters as described above, for the longest modeled OTF (L = 500 km) we can resolve the cohesive zone in a rupture process (the intermediate transitional region between broken and unbroken material) L 0 ¼ C 0 md c =ðb sÞ, where C 0 is a constant of order unity, by 3.2h (h is the grid size) for a representative W/h* = 1.44 case. This satisfies the numerical resolution criterion that L 0 must be at least of the size of h for 3-D quasi-dynamic simulations [Lapusta and Liu, 2009] .
[15] In order to satisfy the higher resolution required for larger W/h* (smaller d c ) and keep the calculation within our computational limit, we used a smaller a = 0.01 for a few L = 100 km cases with W/h* near or greater than 2 and for some cases with the longest L = 500 km. With a À b = À 0.0035 kept constant at most the seismogenic depth, this is equivalent to have a smaller b value and thus a larger cohesive zone L 0 that allows coarser resolutions. Calculations were also performed using both a = 0.01 and a = 0.015 in the same W/h* range. The resulted seismic coupling coefficient c and largest earthquake rupture area A c are highly comparable with the two parameter a choices, suggesting that a small variation in a, at least in the vicinity of 0.015, does not affect the general trends and scaling relations we later present in Figures 8 and 9.
[16] Small along-strike perturbations are introduced to parameters a and aÀb in order to perturb the system from its initial near steady state into a nonuniform slip mode. Starting with these parameters defined by the fault thermal structure (section 2.5, Figure 2b ), the parameter values were reduced by 2% in along-strike segment
We note that in our simulations there is no obvious correlation between the earthquakes and the segments where the small nonuniformities were introduced; significantly larger perturbations do induce such a correlation. Simulations started from different nonuniform initial conditions (perturbed from steady state) also result in similar heterogeneous slip histories [Liu and Rice, 2005] .
Transform Fault Thermal Structure
[17] A commonly used estimate for oceanic transform fault thermal structure is the average of temperatures predicted from a half-space cooling model on either side of the fault [e.g., McKenzie, 1969; Engeln et al., 1986] :
where T 0 = 0 C and T m = 1300 C are temperatures assumed of the seafloor surface and the mantle, respectively; k is thermal diffusivity, assumed to be a constant; and x, z are as defined in Figure 2a . An example of the half-space cooling temperature profile is shown in Figure 2a , for a short/fast spreading OTF (L = 100 km, V pl = 140 mm/yr, k = 5 mm 2 /s). The classic half-space cooling model produces results that can successfully predict the maximum depth of transform earthquakes [Engeln et al., 1986; Abercrombie and Ekström, 2001; Braunmiller and Nábělek, 2008] and can be used to estimate seismic coupling along oceanic transform faults [Bird et al., 2002; Boettcher and Jordan, 2004] . However, it neglects many physical processes that occur in the oceanic crust and upper mantle. To address these limitations, Behn et al. [2007] and Roland et al. [2010] investigated the importance of fault rheology on the thermomechanical behavior of transforms. Their models incorporated a viscoplastic rheology to simulate brittle failure in the lithosphere and a non-Newtonian temperature-dependent viscous flow in the underlying mantle, as well as effects of shear heating and hydrothermal circulation on the resulting temperature structure. The inclusion of the brittle rheology directly contributes to a warmer thermal structure which is consistent with the geologic and geophysical observations from ridge-transform environments [Behn et al., 2007] . The resulting thermal structure produces a similar seismogenic area to that predicted by a half-space cooling model, but in contrast to the half-space model, the depth of the 600 C isotherm and the width of the seismogenic zone are nearly constant along the fault. Roland et al. [2010] modeled the efficiency of hydrothermal circulation using a Nusselt number (N u ) approach [e.g., Sleep, 1975; Phipps Morgan et al., 1987] , in which the thermal conductivity is increased by a constant factor, N u , over the background conductivity for intact rocks. N u is thus the ratio of the total heat transported within a permeable layer to heat transferred by conduction alone. The depth of the isotherms increases with N u , but the area between the $350 and 600 C isotherms remains relatively constant for values of N u up to $12.
[18] In this study, we use temperatures predicted from both the half-space cooling model and the visco-plastic model of Roland et al. [2010] to map the gabbro frictional parameters onto the fault plane. As shown in Figure 2 , the shape of the seismogenic zone, defined as the area of velocity-weakening, generally follows that of the isotherms. For the half-space cooling model, the maximum seismogenic zone width W max $ 6.6 km is reached at the along-strike center x = 0 (Figure 2b ). For a visco-plastic thermal structure with N u = 6 for the west segment of Gofar, the width of the seismogenic zone is relatively uniform along the strike (Figure 2d ). As will be discussed in section 3, the ratio of W max to the earthquake nucleation size h* is a key parameter controlling the seismic coupling on the modeled OTFs. The predictions of both thermal models will be compared for specific fault geometries and the results will be discussed in the context of the observed OTF scaling relations.
[19] Table 1 lists the values of parameters that are constant in all simulation cases. Table 2 lists the OTF parameters used in each simulation case that are shown in Figure 8 . As discussed above, the parameters are chosen, wherever possible, to match measurements from appropriate laboratory experiments, or for consistency with seismicity studies or inferences from theory, although some are constrained by considerations of computational tractability.
Numerical Results and Comparison to Observations
[20] In this section we first present the earthquake sequence modeling results for two end-member OTF scenarios. The first scenario is for a short transform fault associated with a fast spreading ridge, such as the Gofar, Discovery, Quebrada system along East Pacific Rise. For this scenario, we choose L = 100 km and V pl = 140 mm/yr as The corresponding figure number, if the individual case is shown, is also listed. Blank means value is the same as in the previous case (except figure numbers). Thermal diffusivity k in mm 2 /s is given if a half-space cooling (H-S) thermal model is used. Nusselt number N u is given if a visco-plastic (V-P) thermal model is used.
shown in Figure 2 . Section 3.1.1 presents results using fault temperatures that are calculated from the half-space cooling model. A special case for the Gofar transform, where viscoplastic thermal structure and constraints from OBS deployments are available, is presented in section 3.1.2. The second end-member scenario is for a long transform fault (L = 500 km) associated with a slow spreading ridge (V pl = 30 mm/yr), such as the Romanche and Doldrums along MidAtlantic Ridge. Both half-space cooling and visco-plastic thermal models are used for this group of calculations. We do not show the half-space cooling temperature profile or the resulting aÀb distribution for the long/slow OTF scenario, as they are similar in shape to those in Figure 2 , except with larger fault dimensions. In addition, we also conduct simulations for several intermediate configurations, to check whether their results fall in the range defined by the two end-member scenarios. Comparisons of modeled earthquake scaling relations as well as earthquake magnitude and distribution to OTF observations are presented later in this section.
3.1. Short, Fast Slipping Transform Fault 3.1.1. Half-Space Cooling Thermal Model
[21] Using a half-space cooling model with diffusivity k = 5 mm 2 /s and the simplified gabbro friction data as described above, the resulted aÀb distribution is shown in Figure 2b . Parameter a is held constant at 0.015 except where a = a À b (b = 0) in the deep velocity-strengthening region. In the OTF case shown in Figure 3 , we assume d c = 7 mm and s = 50 MPa, which combined with a and b results in an earthquake nucleation size h* = 4.05 km (equation (5)). The maximum seismogenic zone width W max is about 6.6 km, resulting in W max /h* ≈ 1.63.
[22] Figure 3 summarizes the simulation results for the short, fast slipping transform over a 50 year time period. A general characteristic of the slip pattern is that seismic and slow slip events occur roughly every 2-4 years. Here, "seismic" is defined when the maximum slip velocity on the fault V max exceeds a threshold V seis = 5 mm/s; "slow slip" is defined when V max is above the plate loading rate V pl but below the seismic threshold. Figure 3f shows the spatiotemporal variation of slip averaged over the depths of the seismogenic zone at each position along the strike. Near the ridge-transform intersections, seismic activity ceases and slip accumulates steadily at the rate of V pl , because of the combined effects of (1) the narrowing seismogenic zone as a result of the half-space cooling thermal structure (Figure 2b) , and (2) the bordering fracture zones at the same loading rate V pl and a time-constant slip rate V = V pl . This effect continues about 10 km along the strike into the fault on each end, where earthquakes start to break in patches of various sizes. As we will show later, this stabilizing effect is not as pronounced when we utilize the visco-plastic thermal model [Roland et al., 2010] . Among the 19 modeled earthquakes during the 50 year period, the released seismic moment varies greatly. Only 6 events have seismic moment magnitudes large enough (M w > 6) to be visible on Figure 3b . Smaller earthquakes, for example, a M w = 5.0 and a M w = 4.5 events at 45.2 and 45.5 yr, respectively, are barely discernible on this figure. It is also clear from Figure 3f that only a very small area of the seismogenic zone has been ruptured during such smaller earthquakes.
[23] Figures 3c and 3d quantify the seismic (∑M seis ) to total moment (M tot ) ratio within the seismogenic zone, and the slow slip to total moment ratio on the entire transform fault, respectively, as functions of the modeled time period. Our definition of the seismic coupling coefficient c is equivalent to that by Boettcher and Jordan [2004] ,
where _ M seis ≡ lim t→∞ ∑M seis =t is the OTF moment rate averaged over seismic cycles in a period of t, and effective area is A E ¼ _ M seis =ðmV pl Þ . As marked in Figure 3c , the coupling coefficient at the end of the simulation (t = 50 year) c final is taken to be a representative value as the fault has experienced many earthquake cycles. The maximum and minimum values c max and c min are taken as the variation range. The first earthquake in each simulation is not considered in this analysis for results to be free of initial condition effects. After 50 years of slip ($7 m), about 17% of the total moment is released during earthquakes, and about 50% is released in the form of slow slip events, including earthquake nucleation, postseismic relaxation and aseismic transients that are not associated with any earthquakes. We note that increasing the seismic threshold by a factor of 2 would result in slightly smaller moments for all events and a smaller coupling coefficient c. For example, if V seis = 10 mm/s, c final = 0.15 (c max = 0.27 and c min = 0.06) and the maximum earthquake moment drops from 5.58 Â 10 18 Nm (M w = 6.46) to 5.41 Â 10 18 Nm (M w = 6.45). Such small changes due to the a different "seismic" criterion do not change the modeled earthquake scaling relations, given the large variations in c for each simulation case.
[24] Figure 4 shows the coseismic slip distributions of the largest earthquakes from simulation runs with W/h* = 1.16, 1.26, 1.63 (case in Figure 3) , and 2.02, using the aÀb profile in Figure 2b . The corresponding earthquake moment magnitudes are M w = 5.6, 6.0, 6.5, and 6.6, respectively. When the seismogenic zone width is about 1.3 times of the earthquake nucleation zone, less than half of the total seismogenic zone area is involved in the largest earthquake rupture. The largest rupture area A c rapidly increases with W/h*; at W/h* = 2.02, A c nearly occupies the entire seismogenic zone. The relation between A c and W/h* will be discussed in more detail in section 3.3. We also note that in the cases of W/h* = 1.63 and 2.02, the coseismic slip accumulated within the nucleation region is about half of the maximum slip on adjacent fault areas. As will be discussed in section 4, the moderate pre-seismic slip scales with the value of d c in the seismogenic zone and is consistent with the observation of intense foreshock sequences immediately before the magnitude 6 main shocks on East Pacific Rise transforms [McGuire et al., 2005 [McGuire et al., , 2012 .
Visco-plastic Thermal Model
[25] Applying the west Gofar thermal structure calculated from a visco-plastic model as described in Section 2.5 with a Nusselt number N u = 6 [Roland et al., 2010] , we conducted another set of numerical experiments on the short, fast slipping transform (L = 100 km and V pl = 140 mm/yr). The resulting aÀb distribution is shown in Figure 2d , and Figure 5 summarizes the results for a case with W max /h* = 1.58. Earthquakes occur more frequently and have smaller magnitudes compared to the half-space cooling case; there are 44 earthquakes with the largest magnitude of 5.8 in the modeled 30 year period using the visco-plastic thermal profile, while only 19 earthquakes with a maximum magnitude of 6.5 are predicted in the 50 year period using the half-space cooling model. This difference is attributed to the narrower seismogenic zone and hence smaller seismogenic area predicted by the visco-plastic thermal model (area between white solid lines in Figure 2d ). Using a larger Nusselt number deepens the seismogenic zone but does not significantly increase its area. Because of the relative constant seismogenic zone width along the fault, earthquakes can rupture further toward the ridge-transform intersection (RTI) on each side, resulting in a more distributed seismic coupling coefficient along the strike (Figure 5e ). This contrasts the predictions from the half-space model in which c final is largest near the center of the fault and tapers to zero toward the RTIs (Figures 3e and 7e) . In total, during the modeled 30 year period, only about 3% of the moment is released during earthquakes, and about 60% is released in the form of aseismic slip.
[26] Figure 6 shows the slip history for the same Gofar-like setup but with a much larger W/h* = 3.08. Earthquakes of magnitude $6.3 repeat every 3 years, with each rupture initiating near a RTI, sweeping the entire fault before stopping near the intersection at the other side. Except for the $10 km zone from the RTI on each side, most part of the fault has a seismic coupling ratio near 1.0, that is, all the moment is released during earthquakes.
Long, Slow-Slipping Transform Fault
[27] For comparison with the results on short, fast-slipping transforms, we examined a long, slow-slipping scenario with an offset distance L = 500 km and a full spreading rate V pl = 30 mm/yr. This OTF length is chosen as it approaches our computational limit and is the longest case for which viscoplastic thermal model results are available.
[28] For the first set of experiments, we use fault temperatures calculated from the half-space cooling model with a thermal diffusivity k = 1 mm 2 /s. k is smaller than that in the short, fast-slipping OTF scenario, in order to constrain the seismogenic zone to be less than 20 km in depth, which is approximately the maximum depth of earthquakes on the Romanche transform on the Mid-Atlantic Ridge (L = 920 km). The distribution of aÀb is similar in shape to that in Figure 2b . At the center of the fault, the velocity-weakening zone extends from 1.5 km to 15.5 km in depth, corresponding to a maximum seismogenic zone width W max ≈ 14 km. For the case shown in Figure 7 , we use d c = 14 mm and s = 50 MPa, resulting in an earthquake nucleation size h* ≈ 8.1 km, hence W max /h* ≈ 1.73. Seismic and slow slip events occur roughly every 20 to 40 years, sometimes with temporally clustered earthquakes, within the modeled 250 year time period. The moment magnitude of the 18 earthquakes ranges from the smallest M w = 4.2 at t = 86.5 yr, which is almost indiscernible in the cumulative moment (Figure 7b ), to the largest M w = 7.4 at t = 179.3 yr. Even the magnitude 7 ruptures are accompanied by modest aseismic slip released in the form of preseismic nucleation and postseismic relaxation. In total, during the modeled 250 year, about 38% of the moment is released during earthquakes, and about 45% is released in the form of slow slip. A noticeable feature in Figure 7f is that large earthquakes (M w > 7.0) occur in the central 300 km of the fault, whereas the smaller earthquakes tend to occur closer to the ridge-transform intersections.
[29] For the second set of experiments, we use temperatures calculated from the visco-plastic model with a Nusselt number N u = 8, which is the upper end of the range of hydrothermal cooling effect investigated by Roland et al. [2010] . This high Nusselt number was required to match the presence and depth of magma lens imaged by seismic data over a range of spreading rates [Phipps Morgan et al., 1987] . The model results are qualitatively similar to those for a short, fast-slipping fault, with earthquakes more distributed along the strike and ruptures further toward the RTIs. Modeled earthquakes repeat every 20 to 40 years, with magnitudes in the range of 5 to 7. A detailed discussion on the earthquake magnitude versus its distance to RTI for both sets of simulations will be presented in Section 3.4.
Modeled Earthquake Scaling Relations
[30] For each scenario discussed above, extensive numerical simulations were conducted to investigate the two characteristic scaling relations summarized from global OTF earthquake catalogs [Boettcher and Jordan, 2004] : (1) the low and roughly constant seismic coupling coefficient Figure 5 . Slip history for a short (L = 100 km) fast-slipping (V pl = 140 mm/yr) transform with fault temperatures calculated from a visco-plastic thermal model for the west Gofar transform [Roland et al., 2010, N u = 6] . Seismogenic zone is defined between the white solid lines in Figure 2d . Parameter a = 0.015 and W/h* = 1.58. See Figure 3 caption for symbol descriptions. In Figure 5f black lines are plotted every 0.5 year for interseismic slip. Red lines are plotted every 10 s for coseismic slip.
(c = A E /A T = 0.15 AE 0.05), independent the OTF configuration (L and V pl ), and (2) the scaling of the largest earthquake rupture area with the square root of the total seismogenic area (A c ∝ A T 0.5 ). As shown in Figures 3-7 , for both the short, fast-slipping and long, slow-slipping OTFs, the ratio of the seismogenic zone width to the earthquake nucleation size (W/h*) is a key factor in determining c averaged over many earthquake cycles. To investigate the influence of this ratio on earthquake scaling relations, we conducted a series of calculations in which W/h* was varied between $0.9 and 3.5 by changing the characteristic slip distance d c , hence h*, within our computational capability.
[31] As shown in Figure 8a , all simulations for different OTF configurations and temperature profiles clearly define a trend of increasing c with W/h*, which on the log-linear scale can be broadly divided into three regimes. In Regime I, W/h* = 0 to $1, the width of the seismogenic zone is too narrow to host any seismic events, so that all slip on the fault occurs aseismically, hence c = 0. The only exception is a L = 100 km, V pl = 140 mm/yr case with W/h* = 0.9. However, the coupling ratio is so small (less than 0.001) that a slight increase in the "seismic" velocity threshold would result in c = 0. In Regime II, c increases by nearly 4 orders of magnitude (10 À4 to $1.0) while W/h* increases from $1 to 2. It is within this regime, specifically, W/h* between 1.2 and 1.7, that a roughly constant c = 0.15 AE 0.05 is reached. In Regime III where W/h* $ 2 to +∞, slip on the fault is always released during earthquakes, and thus c ≈ 1.0. Note that for all the OTFs studied by Boettcher and Jordan [2004] , the actual range of c varies from as low as 0.01 on the Quebrada transform of the EPR, to as high as 0.53 on the Clipperton transform of the EPR. This is consistent with the range of c defined in the W/h* = 1.2-1.7 window. Thus, assuming the thermal and frictional structures discussed above and without introducing further smaller scale alongstrike frictional heterogeneities, an OTF seismogenic zone width smaller than twice of the earthquake nucleation size is required for c to be less than 1.0. Similarly, Figure 8b shows the maximum rupture area A c , scaled by A T , increases by 2 orders of magnitude as W/h* increases from $1 to 2 within Regime II. For the smallest W/h* $ 0.9 in which seismic events just start to emerge in the simulations, the largest earthquake only ruptures about 1% of the total seismogenic area. As W/h* approaches 2 and beyond, the entire A T is involved in the rupture of the largest earthquake. Indeed, A c can be greater than A T as the coseismic rupture propagates slightly into the velocity-strengthening region before termination; such an example is shown in Figures 4c and 4d. [32] Finally, we examined the relationship between the total seismogenic zone area (A T ), the effective seismic area (A E ) and the maximum rupture area (A c ) for all simulations within the range of W/h* = 1.2 to 1.7. As expected, A E increases roughly linearly with A T and the coupling coefficient c ranges from $0.01 to 1, averaging at $0.1, except for a few L = 500 km cases at the upper bound of W/h* (Figure 9a) . The relation between A c and A T is more complicated. When all the simulation cases between W/h* = 1.2 and 1.7 (within the vertical shaded bar in Figure 8a ) are included, A c À A T is best fit by a linear relation A c ∝ A T . However, we note in this analysis the coupling coefficient c Figure 6 . Slip history on a short, fast-slipping OTF using the same parameters as in Figure 5 , but with a = 0.01 and W/h* = 3.08. See Figure 3 caption for symbol descriptions. In Figure 6b Figure 7f black lines are plotted every 4 year to represent interseismic slip. Red lines are plotted every 100 s for coseismic slip. Note the exceptionally long coseismic duration is partly due to the "quasi-dynamic" approximation.
with large seismogenic zone areas, although it does not exactly reproduce the A c ∝ A T 0.5 relation inferred from global OTF earthquakes. One possible reason for this discrepancy is the lack of simulation cases of OTFs longer than 500 km, hence A T near and greater than 10000 km 2 , due to the computational limit in this study. As shown in Figure 1b , the A c ∝ A T 0.5 relation is highly dependent on the third and fourth bins of data with A T greater than 4500 km 2 . The longest OTFs studied by Boettcher and Jordan [2004] are the Romanche (L = 920 km) and Chile (L = 1120 km) transforms; both with A T over 20000 km 2 . The sparse sample OTF cases in this study (7 different A T and a total of 18 data points) prevented us from performing a maximum likelihood analysis as by Boettcher and Jordan [2004] , which may also contribute to the deviation from the observed scaling. In summary, the A c À A T relation needs to be further examined in light of more OTF model configurations, particularly longer and larger faults, with sufficient resolution as computer resources expand and visco-plastic thermal model results become available.
Earthquake Magnitude Versus Distance to the Ridge-Transform Intersection
[33] Based on the regularity of magnitude 6 earthquake occurrences on the Gofar transform fault (the western segment ruptured in 1992, 1997, 2003) [McGuire, 2008] , an OBS experiment successfully recorded a M w 6.0 earthquake on September 18, 2008, as well as over 20,000 smaller earthquakes between August 1 and December 30, 2008 30, [McGuire et al., 2012 (Figure 10a ). For events with magnitudes greater than 4.0, Figure 10b shows the moment magnitude as a function of the epicentral distance to the ridge-transform intersection. Here, the RTI distance was calculated by projecting the linear part of the ridge until it reaches the transform fault or the fracture zone. The largest earthquake magnitude decreases with distance to the RTI, with a cluster of 4.0 to 5.0 events extending all the way to the RTI, providing clear evidence for seismogenic behavior close to the RTI.
[34] The magnitude-distance relations of earthquakes modeled on a Gofar-like configuration are shown in Figures 10c  and 10d , with W/h* ≈ 1.6. When the fault temperatures are calculated from the half-space cooling model, the large earthquakes (M w ≥ 6.0) tend to cluster within 10 km of the center of the fault in the along-strike direction. Similar to the trend observed in the data from Gofar, the maximum magnitude decreases as the distance from RTI reduces. However, the seismicity completely ceases at about 20 km from the RTI, suggesting that earthquakes cannot nucleate within the $20 km of the RTI due to the diminishing width of the seismogenic zone. We note that ruptures of earthquakes nucleated elsewhere on the fault may still propagate for a limited distance into this region, which contributes to a non-zero coupling coefficient to about 10 km from the RTI Figure 3c for each simulation. Horizontal shaded bar in Figure 8a marks the global average c observed by Boettcher and Jordan [2004] . Vertical shaded bar is the approximate range in W/h*, 1.2-1.7, that results in low coupling coefficient close to the observation. The vertical dashed lines approximately divide the diagram into three regimes: (I) W/h* = 0-1, purely aseismic slip, (II) W/h* = 1-2, c increases from $10 À4 to 1.0, (III) W/h* > 2, full coupled, purely seismic slip.
( Figure 3e ). Using the visco-plastic thermal model for western Gofar with N u = 6, the general relation of a decreasing maximum magnitude with epicentral distance to the RTI still holds, except for two events of magnitude 5.0-5.5 at about 5 km from the RTI. However, unlike the half-space cooling model, earthquakes predicted from the visco-plastic model occur at locations very close to the RTI (the nearest being 2 km in Figure 10d ). This results from the nearly uniform width of the seismogenic zone along the strike and suggests that the thermal structure from the visco-plastic model is more realistic for predicting the observed seismicity near the RTI on the Gofar transform.
[35] We also compared the magnitude-distance relation derived for the longest, slow-slipping OTF model (L = 500 km, V pl = 30 mm/yr) to that observed on the Romanche transform (L = 920 km, V pl = 32.5 mm/yr), although their configurations are not identical. As shown in Figure 10e , magnitude 7 earthquakes occur on Romanche with centroids at least $170 km away from the RTI. Similar to earthquakes on the west Gofar fault, the maximum magnitude here also decreases with the distance to the RTI and seismicity continues to less than 10 km from the RTI. Smaller earthquakes (M w ≥ 5.5) populate the entire fault. The model prediction using a half-space cooling thermal structure is similar to the observation in that the maximum magnitude decreases toward the RTI. However, it fails to produce earthquakes very close to the RTI and small events near the center of the fault. By contrast, applying a visco-plastic thermal profile reproduces both features. This further verifies that the viscoplastic thermal model does a better job than the half-space cooling model in predicting earthquake distributions and magnitudes over a range of OTF configurations.
Discussion
[36] Without introducing small-scale spatial frictional heterogeneities or temporally evolving stability conditions, our model predicts that when the seismogenic zone width is about 1 to 2 times of the earthquake nucleation zone size (W/h* = 1 to 2, Regime II in Figure 8 ) an oceanic transform fault segment can transition between seismic and aseismic slip modes during a time period spanning many earthquake cycles. For example, in the case shown in Figure 3f , the fault segment at x = 10-20 km, which is velocity-weakening above $7 km in depth, experiences the first earthquake, an aseismic transient event, the largest M w 6.5 earthquake, six aseismic slip episodes, and two M w 6.0 earthquakes in the 50 year time sequence. Such alternating behavior between seismic and aseismic slip is likely due to temporal variations in the stress condition on this segment associated with slip occurring on the entire fault. Thus, our model is consistent with the "multimode" hypothesis for OTF behavior, but without requiring temporally evolving friction stability conditions. As W/h* becomes larger than 2, the seismogenic zone releases moment only in the form of earthquakes.
[37] Besides episodic slow slip events that are not associated with any seismic activity, the large amount of aseismic slip accumulated during the nucleation phase (preseismic slip) also makes a significant contribution to the low seismic coupling coefficient predicted in our models. This effect is evident, for example, in the largest earthquake in the short, fast-slipping transform scenario with W/h* = 1.63 and the half-space cooling thermal model (Figure 4c ). On the x = À10 to 10 km segment, about 0.5 m of preseismic slip accumulates before the maximum slip rate reaches the seismic threshold. About 0.5 m of coseismic slip is released within the nucleation zone as dynamic rupture propagates bilaterally. The maximum coseismic slip is about 1 m at the right edge of the nucleation zone. This relatively large amount of preseismic slip scales with the characteristic slip distance d c (i.e., smaller d c would result in smaller preseismic slip), and is consistent with the observation of the intensity of foreshock sequences immediately before main shocks on EPR transform faults. EPR faults are known to have at least an order of magnitude more foreshocks than continental transforms [McGuire et al., 2005] . A swarm of over 20,000 foreshocks (0 < M w < 4.5) preceded the September 18, 2008 Gofar earthquake above the background rate in a 10-km long zone corresponding to a small ($1 km) geometric step-over [McGuire et al., 2012] . Based on the relative centroid locations of past Gofar magnitude 6 earthquakes, this 10-km long region is inferred to be a barrier to rupture propagation. Furthermore, this area also spatiotemporally coincided with a $3% average shear wave velocity decrease, suggesting the occurrence of a large aseismic slip event in the foreshock region [McGuire et al., 2012] . In our model, rather than acting as a rupture barrier, the preseismic slip zone initiates dynamic ruptures, which, in most cases, propagate bilaterally along the strike. Thus, it remains to be explored how variations in frictional properties within the nucleation zone, such as changing from gabbro to serpentinite, affect earthquake rupture behavior.
[38] The similar scaling between c and W/h* for OTFs with different geometric configurations and thermal structures suggests that the low seismic coupling coefficient observed on global OTFs is not related solely to offset length and/or ridge spreading rate, but to a combination of geometric, thermal and frictional factors. Specifically, in our model, c is as low as 0.1 on average when W/h* is within a limited range of 1.2 to 1.7. The importance of W/h* was also noted in previous numerical studies of the mechanism of episodic slow slip events (SSE), where W was defined as the width of the fault segment under near-lithostatic pore pressure [Liu and Rice, 2007; Rubin, 2008] . Short-period SSEs, like those observed in natural subduction zones, emerge spontaneously when W/h* happens to be within a limited range, which varies as different versions of rate and state evolution laws are used. This limited W/h* range can be relaxed if additional mechanisms that are favorable for slow slip, such as dilatancy, two-state-variable, or cut-off velocity models, are incorporated into the rate and state framework [Liu and Rice, 2006; Shibazaki and Shimamoto, 2007; Liu and Rubin, 2010; Segall et al., 2010] . Such physical mechanisms may also lead to a relaxation of the limited W/h* range required in our model to explain the low seismic coupling ratio on OTFs. Nevertheless, the present basic model predicts that
for the seismic coupling ratio to be roughly 0.15 on OTFs with a wide range of offset lengths and spreading rates. Here, C is a constant between 1.2 and 1.7. As the friction parameters a, b and the effective normal stress s are relatively constant for all model cases, the relation in equation (8) reduces to
The second part of the relation in equation (9) holds for OTFs with thermal structures calculated from a half-space cooling model. Equation (9) implies that, for OTFs governed by the rate and state frictional properties, the relatively constant low seismic coupling is dictated by a linear relation between the characteristic slip distance d c and the width of the seismogenic zone W. In particular, longer transform faults associated with slower spreading rates result in wider seismogenic zones extending to greater depths, implying that larger values of d c are required to achieve the same low c as on short, fastslipping transforms.
[39] The possibility of larger d c at greater depths (or higher normal stress) on longer, slower slipping OTFs is supported by the contact theory of friction Tabor, 1950, 1964] and laboratory frictional sliding experiments [Logan and Teufel, 1986; Boettcher et al., 2007] . In a microscopic view, the frictional surface is composed of multiple asperities that are in true contact. All such contact areas sum up to the real area of contact A r , which is generally much smaller than the nominal geometric contact area A. The characteristic slip distance d c in the rate and state friction law can be interpreted as the critical slip distance necessary to renew surface contacts. Thus d c is expected to scale with the size of the asperity contacts, or A r /A. This is supported by olivine rate and state friction experimental data showing a linearly increasing trend of d c with A r /A as temperature rises from 600 to 1000 C . On the other hand, frictional sliding on sandstone and limestone indicates that A r /A increases approximately linearly with the applied normal stress [Logan and Teufel, 1986] . This was interpreted to occur either through an increase in the number of asperity contacts for the elastic sandstone/sandstone interface or via the growth in the size of contacts with normal stress for other plastic properties. Putting these two lines of evidence together, it is plausible that the characteristic slip distance d c becomes larger at higher normal stresses. Our modeled scaling relation between A E and A T suggests that the constant low seismic coupling at OTFs observed globally [Boettcher and Jordan, 2004] is the result of a roughly linear relationship between d c and the depth, hence normal stress, of the seismogenic zone of OTFs at fast to slow spreading centers.
[40] Throughout this study, we have assumed generally homogeneous frictional properties on OTFs. The rate and state friction parameter aÀb is taken from a single rock type gabbro, and its spatial distribution is determined by the temperature field on the fault; both the half-space cooling model and the visco-plastic thermal model result in relatively little along-strike variations. There are several aspects of the frictional parameter distribution that need to be improved in future studies.
[41] First, at slower slipping transform faults such as the case presented in Figure 7 , the seismogenic zone extends to depths below the oceanic crust and the gabbro friction data used in this study may no longer apply. Hybrid frictional properties such as gabbro in the crust and olivine in the upper mantle seismogenic zone may be more appropriate for OTFs associated with slow spreading ridges.
[42] Second, our current model does not exclude the possibility of an alternate mechanism for generating large percent of aseismic slip on OTFs, namely small-scale alongstrike heterogeneities in friction properties. For example, when 15% of the total fault area, in a single patch or multiple patches (each patch is fully coupled), is velocity-weakening (VW) and the rest of the fault is velocity-strengthening (VS), one may also expect the overall seismic coupling coefficient to be around 0.15. Studying earthquake rupture on two VW patches separated by a VS barrier, Kaneko et al. [2010] found that the probability for an earthquake to rupture through the VS patch is correlated with the average interseismic coupling on the VS patch. Specifically, they defined a "barrier efficiency" that is proportional to the ratio of the along-strike lengths of the VS and VW patches times aÀb (>0) on the VS patch. In the shallow oceanic crust, such VS behavior is possible due to the presence of serpentine as measured in lab experiments [Reinen et al., 1994] . The 10-km segment on western Gofar transform, which is the area of intense foreshock activity and is suggested to have stopped dynamic ruptures from adjacent regions of repeating magnitude 6 earthquakes [McGuire, 2008; McGuire et al., 2012] , may be a representation of such a VS aseismic barrier.
[43] Third, in our model the size of the smallest earthquakes is constrained by the nucleation size h*, which is on the order of 4 km in the Gofar-like models. Consequently, the smallest modeled earthquakes are of magnitude 3.5 to 4.0. Thus, with the generally homogeneous frictional property distribution assumed in this study, we cannot reproduce the abundant magnitude 0 to 1 events observed on global OTFs. Small VW patches on the scale of 10s of meters embedded in a large VS region may be needed in order to generate such small events as well as large ones that follow the scaling relations.
[44] Finally, finer details observed during OTF earthquake rupture processes, such as the migration of earthquake swarms and inferred low stress drop on Gofar [Roland and Mcguire, 2009] , shear wave velocity increase prior to the 2008 M6 Gofar event and multiple episodes of velocity drop during swarm activity [McGuire et al., 2012] , should provide useful constraints to the construction of various degrees of heterogeneities in future OTF model studies.
Conclusion
[45] In this study, we have investigated earthquake behavior and scaling relations on oceanic transform faults using a 3-D model incorporating the "ageing" version of the rate-and state-dependent friction with a single state variable. The frictional parameter aÀb is adapted from experimental measurements on gabbro gouge under hydrothermal conditions, and mapped to OTFs using temperatures calculated from (1) a half-space cooling model and (2) a thermal model that takes into account physical processes such as the visco-plastic rheology of the lithosphere, non-Newtonian temperature-dependent viscous flow in the underlying mantle, and the effects of shear heating and hydrothermal circulation. For a wide range of fault lengths, full spreading rates and thermal structures, we simulated slip history and constructed earthquake catalogs over many earthquake cycles. The seismic coupling coefficient c was calculated as the ratio of the seismic moment released by all earthquakes to the total moment accumulated by plate loading in the seismogenic zone during the simulated time period [Boettcher and Jordan, 2004] .
[46] All simulation cases show that the degree of seismic coupling c is controlled by W/h*, the ratio of the seismogenic zone width (where a À b < 0) and the earthquake nucleation size, which is in turn related to friction parameters a, b, d c , and the effective normal stress s. We found that c increases by about 4 orders of magnitude, from 10 À4 to 1, within a limited range of W/h* from $1 to 2. Slip is released aseismically when W/h* < 1 and entirely in earthquakes for W/h* > 2. This trend is observed in all modeled OTFs, ranging from short, fast-slipping (L = 100 km and V pl = 140 mm/yr, Gofar-like, East Pacific Rise) to long, slowslipping (L = 500 km and V pl = 30 mm/yr, Doldrums-like, Mid-Atlantic Ridge) transform faults and regardless of the thermal model used. Similarly, the area ruptured by the largest earthquake (A c ) in the modeled catalog increases dramatically with W/h*. Only about 1% of the total seismogenic zone area (A T ) is ruptured during the largest event at W/h* $ 0.9, while the entire A T is ruptured when W/h* > 2. An average seismic coupling of c = 0.15 AE 0.05 is reached at W/h* ≈ 1.2-1.7. The resulting linear increase of the effective seismic area (A E ) with A T can be explained by an increase in the characteristic slip distance d c on longer and slower slipping OTFs, where the seismogenic zone is wider and normal stresses are higher. For cases within W/h* ≈ 1.2-1.7, the largest earthquake rupture area A c is less than the seismogenic area A T . In particular, when only cases with c between 0.1 and 0.2 (the range inferred from global observations) are considered, the relation is best described by A c ∝ A T 0.64 , which is consistent with the observed deficiency of large earthquakes on long, slow-slipping faults. Its deviation from the observed A c ∝ A T 0.5 is possibly a result of the lack of large fault cases (A T > 10000 km 2 ) in the present study due to computational constraint.
[47] In summary, our modeling results provide an explanation for the globally observed low seismic coupling and deficiency of large earthquakes on oceanic transform faults without the need to invoke small-scale heterogeneous frictional properties, assuming that the seismogenic zone is roughly 1.2 to 1.7 of the size of the earthquake nucleation zone. Future work should investigate how spatially and/or temporally heterogeneous friction properties may affect the OTF earthquake source characteristics and scaling relations, with a focus on the Quebrada, Discovery and Gofar transform system on the East Pacific Rise, where abundant ocean bottom seismometer data are available to constrain the friction heterogeneities.
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